The Arctic is experiencing climate-induced changes in environmental conditions faster than any other region of the world. We examined the effect of such changes on shorebird populations at Utqiaġvik (formerly Barrow), Alaska, over the last six decades (1950s to 2010s). First, we identified three environmental changes at Utqiaġvik that are likely to affect shorebirds: (1) warmer and longer summers, (2) drying of the landscape, and (3) changes in tundra vegetation. We then examined evidence for each of these being a primary driver of changes in shorebirds' nest density and probability of breeding. The Black-bellied Plover (Pluvialis squatarola), Ruddy Turnstone (Arenaria interpres), and Baird's Sandpiper (Calidris bairdii), shorebirds with broad distributions in Alaska but a preference for dry, open tundra, declined at Utqiaġvik from the 1950s to the 2010s, whereas the Western Sandpiper (C. mauri), Semipalmated Sandpiper (C. pusilla), Long-billed Dowitcher (Limnodromus scolopaceus), and Red-necked Phalarope (Phalaropus lobatus), which typically breed in the Low Arctic, have increased. No species preferring wet or moist habitats decreased in nest density or probability of breeding over the six decades. These patterns suggest northward shifts in the distribution of Low Arctic shorebirds with warmer and longer summers, and also downplay the likelihood of a drier landscape being an important factor driving changes in nest density or probability of breeding. We also found that in the 2000s flight-feather molt of the Dunlin (C. alpina) extended over a significantly longer period, overlapping less with breeding than during the 1960s. These findings increase our understanding of the characteristics of shorebirds' life history that are likely to show more sensitivity or adaptability to future environmental change, and enable us to predict which species should become more or less common at Utqiaġvik and elsewhere in the Arctic in future decades.
I
n recent decades, the Arctic has warmed more rapidly than other regions of the Earth (Serreze and Francis 2006, Hodgkins 2014) , and it is projected to experience further changes in climate through the coming century (ACIA 2004) . Environmental changes from increased atmospheric temperature and altered precipitation patterns are affecting Arctic wildlife profoundly, as in the cases of the polar bear (Ursus maritimus) and walrus (Odobenus rosmarus; see Van Hemert et al. 2015) , and are likely to continue to do so (Wauchope et al. 2017 ). Yet, documenting existing, and predicting forthcoming, consequences of environmental change to wildlife is challenging (Martin et al. 2009 ). For example, individuals within a population may have a range of tolerances to variable environmental conditions and therefore survive and reproduce at different rates. Species may adapt to environmental change, be resilient below a certain threshold, or respond favorably to changing conditions by expanding into new habitats or regions. Wildlife communities may experience compositional shifts as some species become more common at the expense of others, as in the case of brown bears (U. horribilis) outcompeting polar bears (Miller et al. 2015) . For migratory species, these changes may be influenced by responses to changes in conditions in a distant winter range that are then carried over into an Arctic breeding range (Webster et al. 2002 , Sedinger et al. 2011 .
While a number of expert groups are advocating long-term tracking of Arctic conditions and the responses of wildlife to environmental change (e.g., International Study of Arctic Change, www. arcticchange.org), historical data can also be used to understand how species have already responded to changing environmental conditions and to predict future changes. Unfortunately, long-term datasets are few, especially for biological measures such as species diversity and abundance, dates of initiation of breeding, and reproductive success, which cannot be measured remotely and require intensive field studies.
In this study, we compiled historical data to evaluate environmental change observed in Arctic Alaska since the 1950s, and to consider how these changes might have influenced the abundance, distribution, and ecology of shorebirds in the same region. We focus on Utqiaġvik (formerly Barrow), Alaska, as the study site for this research, and shorebirds as the group of interest, for three reasons. First, at Utqiaġvik, long-term data spanning the last 60 years are available for a variety of environmental characteristics, including snowmelt (Stone et al. 2002) , permafrost (Romanovsky et al. 2002) , hydrology (Dingman et al. 1980 , Liljedahl et al. 2011 , and vegetation (Villarreal et al. 2012) . Secondly, shorebirds have been the subject of extensive ecological and behavioral studies at Utqiaġvik, with the most intensive periods of study from the mid-1950s to 1980, in the early 1990s, and from 2003 to the present. Third, numerous studies imply declines in shorebird populations both in North America and globally (International Wader Study Group 2003 , Stroud et al. 2004 , Andres et al. 2012 , Clemens et al. 2016 , Piersma et al. 2016 . Utqiaġvik is located on the Arctic Coastal Plain of Alaska, where eight shorebird species are designated as being of "greatest concern" or "high concern" in the United States (USSCP 2016) and are listed as "priority" species in the Alaska Shorebird Conservation Plan (Alaska Shorebird Group 2008) .
In most cases causes of shorebirds' declines are unknown and difficult to determine. Particularly in the case of migratory species, environmental factors leading to population changes may occur throughout a species' life cycle over a large geographic area, and likely include myriad interacting factors such as habitat loss or degradation, contaminants, increasing populations of predators, human disturbance, and climate change (Butler et al. 2004) . While evidence documenting climate change as the major factor causing declines of shorebird populations is lacking Lindstrom 2004, MØller et al. 2010) , several recent studies have implicated changes in food availability, drying of aquatic habitats, and complex relationships among temperature, precipitation, and physiological tolerance as the root causes for declines of shorebird populations in general (see Cahill et al. 2012 , McKinnon et al. 2013 , van Gils et al. 2016 . On the other hand, some shorebirds seem able to adjust their arrival dates on the breeding grounds to match the more variable spring phenology resulting from climate change, with no immediate change in numbers (Ely et al. 2018 , but see Saalfeld and Lanctot 2017) .
Here we consider how climate-induced environmental change may affect shorebirds on their Arctic breeding grounds by analyzing data on several aspects of their breeding ecology recorded at Utqiaġvik over 60 years, during which the climate and environmental conditions have changed significantly. We define climate change as long-term shifts in average temperature and precipitation patterns, and environmental change as changes in other environmental conditions (e.g., length of breeding season or structure of vegetation) resulting from these shifts.
Methods study site
Our study site, Utqiaġvik, Alaska, lies at the northern tip of Alaska's Arctic Coastal Plain (Figure 1 ). Here the tundra is a mosaic of moist to dry meadows of grasses and low shrubs, marshes and wet meadows dominated by sedges (Carex spp.) or pendant grass (Arctophila fulva), and the open water of lakes and ponds (Brown et al. 1980 ). The topography is generally flat with some low ridges; elevations are typically <10 m above sea level. Microtopographic features include highand low-centered polygons, recently drained lake basins, gentle hummocky slopes, frost boils, and areas of patternless tundra (Brown et al. 1980 , Cunningham et al. 2016 .
Utqiaġvik is on the southern edge of the Circumpolar Arctic Bioclimate Subzone C of the Circumpolar Arctic Vegetation Map (CAVM). Subzone C is characterized by a mean July temperature of 5-7 °C and a prevalence of semi-prostrate dwarf shrubs and sedges (Walker et al. 2005) . Subzones A-C on the CAVM are considered "High Arctic," whereas subzones D-E are considered "Low Arctic" (CAVM Team 2003) .
shorebird studies: 1951-2012
Biologists have studied shorebirds at Utqiaġvik for the past six decades. Although the studies' goals and methods have varied over time, some common variables have been measured repeatedly. For our analyses, we grouped available data on breeding shorebirds into three major time periods, 1951-1980, 1992-1994, and 2003-2012 , but broke these periods into smaller divisions for some analyses.
Period 1951-1980: Frank A. Pitelka and his students and colleagues first began studying shorebirds at Utqiaġvik in 1951, with the goal of obtaining basic information on the ecology of shorebirds using the area (e.g., Pitelka 1959 , Holmes and Pitelka 1968 , MacLean 1969 , Holmes 1971 , Pitelka et al. 1974 . In 1975, this research group began to monitor the density of all shorebird species on several plots ranging in size from 27 to 36 ha (plots I, II, and III/2 on Figure 1 ; IV/1 was established but never surveyed during this period). The results of territory and nest mapping on these plots were published as part of the national Breeding Bird Census program (BBC; www.pwrc.usgs.gov/birds/bbc.html; see Appendix 1 in Smith et al. [2012] for list of all citations for these reports). Additional information gathered during this period was recorded in notebooks now archived at the Museum of Vertebrate Zoology at the University of California, Berkeley. For our analyses, we used these extensive field notes containing plot maps, observations of breeding shorebirds, and summaries of species composition, as well as information on the molt of collected birds.
Period 1992-1994: The North Slope Borough's Department of Wildlife Management repeated surveys of three of the Breeding Bird Census plots established in the 1970s (I, II, and III/2 in Figure 1 ; see Appendix 1 in Smith et al. [2012] for citations for these reports), as well as conducting the first surveys on plot IV/1. No detailed data on nest locations, phenology, or molt were recorded, and no adults or young were captured during this time, in contrast to the earlier and later periods.
Period 2003-2012: The U.S. Fish and Wildlife Service (USFWS) collected information on nest density and habitat selection, nest-initiation and hatching dates, and hatching success on up to , showing locations of plots that were surveyed for estimates of shorebird population trends (I, II, III/2, and IV/1) and those where ancillary data on molt and breeding biology were recorded in the 2000s (0, IV/1, III/2, and 3-8). Plots I and II were surveyed 1975 and 1992 -1994 plot III/2 was surveyed 1978 plot III/2 was surveyed -1980 plot III/2 was surveyed , 1993 plot III/2 was surveyed -1994 plot III/2 was surveyed , and 2004 plot III/2 was surveyed -2011 and plot IV/1 was surveyed 1993 and plot IV/1 was surveyed -1994 and plot IV/1 was surveyed and 2004 and plot IV/1 was surveyed -2011 . Ancillary data were recorded in various combinations of plots 0-8 each year from 2002 to 2012 (see Saalfeld and Lanctot 2015 , Cunningham et al. 2016 , Saalfeld and Lanctot 2017 nine tundra plots of 600 m × 600 m, including two BBC plots (Plots III/2 and IV/1) that were also surveyed in the 1970s and 1990s ( Figure  1 ; Lanctot 2015, Cunningham et al. 2016) . USFWS personnel captured and marked adults and young on these plots, yielding information on morphometrics, body condition, and patterns and timing of molt, as well as estimates of adults' survival (Hill 2012) , rates of nest replacement (Naves et al. 2008 , Gates et al. 2013 , arrival dates (Doll et al. 2015) , nest density and mate and breeding-site fidelity (Saalfeld and Lanctot 2015) , and breeding phenology (Saalfeld and Lanctot 2017) .
environMental Change
To examine environmental change at Utqiaġvik from the 1950s to 2012, we synthesized and analyzed information from the published literature, unpublished reports, our personal observations, and discussions with other researchers. From these sources, we identified three environmental changes stemming from climate change that seemed most likely to affect shorebirds at Utqiaġvik over the 60 years of this study. These were (1) warming and lengthening of the summer season, (2) drying of the landscape, and (3) vegetation changes that included increasing predominance of erect shrubs.
Warmer and Longer Summer Seasons (June-August)
The mean annual temperature at Utqiaġvik increased by 1.5 °C from 1921 to 2012, about twice the global average, and by 2.7 °C from 1979 to 2012 (due to the period 1950-1975 being cooler than average; Wendler et al. 2014) . Mean temperatures in June and July (the months most important to breeding shorebirds) have increased by 2.4 °C and 1.9 °C, respectively, since 1950 ( Figure 2 ). Long-term observations of ice phenology at Elson Lagoon (located in the Beaufort Sea east of Utqiaġvik) and in the Chukchi Sea (west of Utqiaġvik) indicate that the average date of breakup of the pack ice shifted earlier by 2.1 days and 7.6 days, respectively, from 1985 to 2009 (C. George, North Slope Borough Department of Wildlife Management, unpubl. data). The average freeze-up date has remained the same at Elson Lagoon but is now 22.6 days later in the Chukchi Sea (C. George unpubl. data). Lastly, the average date of spring snowmelt at Utqiaġvik was 7.7 days earlier in 2000 than in 1940 (Stone et al. 2002) , and then advanced by 0.8 days per year from 2003 to 2016 (a total of 11.2 days; Saalfeld and Lanctot 2017).
Drying of the Landscape
From 1949 to 1998, the annual precipitation at Utqiaġvik declined by 36% (Stafford et al. 2000) . From 1949 to 1988, the amount of summer (June-August) precipitation decreased by 30%, the number of days with measurable precipitation decreased by 10%, and annual snowfall decreased by 16% (Curtis et al. 1998 ). This reduction in precipitation, coupled with warmer ambient temperatures and changes in surface hydrology and permafrost processes (e.g., Jorgenson et al. 2006 , Liljedahl et al. 2016 has likely resulted in a drier tundra landscape. Among seven locations in the Beringian Arctic studied by Lin et al. (2012) , Utqiaġvik had the greatest proportional change toward dry and moist landcover types and the greatest proportional decrease in wet, aquatic, and open-water land-cover types since 1978. These changes were likely facilitated by overall evapotranspiration exceeding precipitation between 1960 and 1998 (Oechel et al. 2000) . Within the upper Utqiaġvik Peninsula, Andresen and Lougheed (2015) documented net decreases of 30.3% in area and 17.1% in number of an original 2800 ponds located in 22 drained thaw-lake basins between 1948 and 2010. They attributed these losses to increased evaporation due to warmer and longer summers, degradation of permafrost, and transpiration from encroaching aquatic emergent macrophytes. Villarreal et al. (2012) quantified changes in the tundra vegetation at Utqiaġvik between 1972 and 2010. Their analysis suggested a slight drying trend for the overall landscape, perhaps related to regional warming, and they found an increase in the extent of an erect deciduous shrub species (Salix pulchra) in their study plots, which was balanced by decreases in two prostrate shrub species (Cassiope tetragona and Salix rotundifolia). These results are consistent with observations of an increasing abundance of erect shrubs at other locations around northern Alaska (Sturm et al. 2001 , Tape et al. 2006 . A meta-analysis of change in tundra vegetation at 46 Arctic and subarctic locations, including Utqiaġvik, between 1980 and 2010 found that summer warming promoted an increased abundance of tall (>50 cm) and lowgrowing (15-50 cm) shrubs but not dwarf (<15 cm) shrubs, and that deciduous shrubs increased mostly at wet sites (Elmendorf et al. 2012) .
Vegetation Change

hypotheses, Field Methods, and analysis
We compared three types of shorebird data across the three periods described above: nest density, probability of breeding, and information on the timing of molt in the Dunlin (see Table 1 for scientific names).
Hypotheses for Changes in Nest Density and Probability of Breeding
Faunal turnover in species composition between the present and the year 2100 is predicted to be higher in the Arctic tundra than in any other ecosystem in the Western Hemisphere (Lawler et al. 2009 ), but it is unclear which of the environmental changes described above, if any, has been the most important in shaping shorebirds' distributions at Utqiaġvik over the last 60 years. Longer and warmer summer seasons may have enabled Low Arctic and subarctic shorebird species to expand their ranges northward (Thomas and Lennon 1999) , whereas a drier tundra at Utqiaġvik may have discouraged nesting by species that prefer moist or wet tundra. Encroachment of shrubs may have restricted opportunities for nesting of species that prefer tundra with low-growing graminoid vegetation and a low proportion of shrub cover (CAFF 2013). We developed three alternative hypotheses for changes in shorebirds' nest density and probability of breeding, depending on whether longer summers, a drying landscape, or increasing shrubbiness was the most important factor influencing habitat suitability for shorebirds. For species that breed regularly at Utqiaġvik, we examined trends in nesting density. For species breeding less commonly (in either numbers or regularity across years), we examined trends in the probability of breeding in a given year.
The first hypothesis (H1) was that a shift toward longer, warmer summers at Utqiaġvik should have resulted in an increased nest density and probability of breeding for Low Arctic species. The fate of High Arctic species was considered less certain because opportunities for breeding in a warmer climate should depend on whether the new conditions are acceptable to a given individual and whether High Arctic species can successfully compete for space and food resources with incoming Low Arctic species. An alternative hypothesis (H2) was that a shift toward drier tundra and fewer and smaller ponds at Utqiaġvik should have resulted in reduced nest density and probability of breeding for species that tend to be associated with wetter habitats, or for species that use a variety of habitats (e.g., drier areas for nesting but wetter areas for foraging), whereas species that prefer drier habitats might show increased nest density and probability of breeding. A third alternative (H3) was that encroaching shrubs should have resulted in a decrease in nest density and probability of breeding for all shorebird species breeding at Utqiaġvik, particularly for species that prefer tundra with a low proportion of shrub cover, because these species are least adapted to nesting with tall and low-growing shrubs (which are both increasing in abundance in comparison to dwarf shrubs; Elmendorf et al. 2012) . These hypotheses are not meant to be mutually exclusive, but rather to frame our analysis as testing a set of predictions rather than as a data-mining exercise.
Field Methods
Using shorebirds' breeding distributions in the relevant Birds of North America species accounts (birdsna.org), we classified each species as breeding in the High vs. Low Arctic on the basis of the bioclimate subzones on the Conservation of Arctic Flora and Fauna's Circumpolar Arctic Vegetation Map (CAVM Team 2003) . We also classified preferred breeding habitat at Utqiaġvik by using data from Cunningham et al. (2016) where applicable, and the "Habitat in Breeding Range" sections of the Birds of North America accounts. We predicted changes in probability of breeding or nest density for each species according to our three hypotheses above (Table 1) .
We used quantitative information from the four BBC plots described earlier to examine evidence for our hypotheses (Table 1 ) with respect to nest densities of shorebirds breeding at Utqiaġvik. The BBC plots were surveyed for varying numbers of years over the last six decades: plots I and II were surveyed 1975 and 1992 -1994 Plot III/2 was surveyed 1978 , 1993 -1994 -2012 and Plot IV/1 was surveyed 1993 -1994 -2012 (Figure 1 ). In the 1970s, biologists completed one survey of each plot over one or two days during each five-day period from late May through August. This resulted in approximately six visits (some spanning multiple days) each June. In the 1990s, researchers visited plots to map territories between nine and sixteen times each June. In the 2000s, researchers focused on finding all nests on each plot by conducting 15 to 17 four-hour area searches on each plot in June as well as a single rope-drag census in later June (see Naves et al. 2008, Saalfeld and .
In the 1970s and 1990s surveys, researchers estimated the number of territorial males of each species on the BBC plots by mapping their territorial boundaries. Nests were typically found secondarily to the territory mapping but in all cases were used to refine and adjust territory boundaries and were particularly searched for in cases where territorial boundaries were unclear (B. J. McCaffery pers. comm.). For polygamous, uniparental species (Pectoral Sandpiper, Red Phalarope, Red-necked Phalarope), researchers relied on the number of incubating adults found on nests as a proxy for annual breeding density instead of using territorial males. For these species, researchers used clues such as distraction displays or frenetic foraging behavior (often displayed by adults of uniparental species on a feeding break) to locate nests because incubating adults do not defend territories (B. J. McCaffery pers. comm.). In the 2000s, researchers focused on finding as many as nests as possible, and relied on territory boundaries only to identify breeding adults whose nests were never found. Data from 2003 were not used because of inconsistent nest-searching effort.
Analyses
We assessed the potential bias associated with using nests vs. territories as the response variable in our nest-density analyses by comparing nests and territories found by a single researcher who collected data on plots I-III/2 in the late 1970s (B. J. McCaffery pers. comm.). In this analysis, we compared the number of males (representing a delineated territory) with the number of nests of six common species found across two years. In total, 10% more territories (n = 80.5) than nests (n = 73) were found, all species and both years pooled. However, this pattern was not consistent across species; three of six species had more . The overall pattern (i.e., slightly more territories found than nests) suggests that, on average, using nests rather territories for the early years likely underestimates the magnitude of declining trends and overestimates that of trends of a species' density increasing through time. Because we believed this was a more conservative approach, we elected to base our analysis of trends in shorebird density on nests in all years instead of comparing territories in the 1970s and 1990s with nests in the 2000s. Using nests also facilitated adding polygamous species to our analysis because nests were the primary metric reported for these species in all years. We used generalized linear mixed models implemented in a Bayesian hierarchical framework to estimate the significance of a time trend in nest density for each shorebird species on the four BBC plots. This method allowed us to estimate the latent state of nest abundance on each plot by accounting for imperfect detection of nests in temporally replicated counts (Kéry and Schaub 2012). We modeled nest density with a Poisson link function and included plot as a random variable to control for the numbers of birds nesting on a given plot from year to year not being independent samples. We also included plot size (which differed slightly for some plots in some years) as an offset to mean plot size. We fit models by using the program JAGS (Plummer 2003) via the package R2Jags (Su and Yajima 2015) in program R 3.2.2 (R Core Team 2015). We assigned standard vague priors for all parameters including normal distributions for the overall intercept, shared trend parameter, and the mean of the random plot effects, then used the posterior distributions from a burn-in of 10,000 iterations to inform the priors for a final run of 10,000 iterations. We assessed convergence of our models with Gelman-Rubin diagnostics (Brooks and Gelman 1998) . The posterior distributions from the final run were used to estimate the annual trend in nest density for each species for the period 1975 to 2012. For each species' trend estimate, we calculated a 95% Bayesian credible interval (CrI) and considered trends to be credibly increasing or decreasing if these intervals did not include 1.
To examine evidence for our hypotheses relative to probability of breeding, we used qualitative information from researchers' field notes, plot maps, bird lists, and annual species summaries to assess the composition of the Utqiaġvik's community of breeding shorebirds through time. Species were considered to have bred in the study area in a given year if nests were located or if individuals were observed behaving territorially more than once in the same location. We used general linear models with a binomial logit link to model linear and nonlinear trends in each species' probability of breeding in the Utqiaġvik area between 1951 and 2012. We fit models in R 3.2.2 (R Core Team 2015) and used Akaike's information criterion corrected for small sample sizes (AIC c ) to select between models containing linear and nonlinear (quadratic or cubic) effects of year. We examined both the estimated coefficient of the year parameter (which is calculated on a log scale) and the exponentiated coefficient, which describes the odds of a species breeding as a function of time, with 1 representing no change. Thus we considered trends to be significant if the 95% confidence interval for the exponentiated coefficient of the year parameter did not include 1 for a given species. Timing of molt in the Dunlin. Molt is energetically costly, particularly when it overlaps with breeding, and for most bird species, selection appears to have favored partial or complete separation of these phases of the life cycle (Payne 1972, Holmgren and Hedenström 1995) . However, unlike most shorebirds, the Dunlin's subspecies arcticola, which breeds at Utqiaġvik and across northern Alaska, undergoes pre-basic flight-feather molt while breeding, generally starting during the egg-laying and incubation stages (Holmes 1966b, Warnock and Gill 1996) . Given that longer summer seasons may reduce the selection pressure to overlap breeding and molting, we hypothesized that in the 2000s breeding and molt of Calidris alpina arcticola should overlap less than in earlier decades either by (1) birds initiating molt later in the summer when most breeding activities have been completed, and/or (2) birds slowing their molt, which should result in feather regrowth during breeding requiring less energy per day (e.g., Morton and Morton 1990) . These hypotheses assume that food supplies remain adequate throughout longer summers, such that birds can obtain sufficient energy for both molt and subsistence later in the season. Intensive sampling of invertebrate abundance at Utqiaġvik between 2010 and 2015, including years of record early and late snow melts, indicated that invertebrates were indeed available through late July, although their relative abundance varied by year and the midges of the family on which shorebirds feed most heavily (the Chironomidae) were less available after mid-July (D. C. McEwen pers. comm.).
For this analysis, we compared molt data from adults of C. a. arcticola collected at Utqiaġvik during three consecutive years in the early 1960s (Holmes 1966b ) with data from birds captured in three randomly selected years between 2003 and 2012. We selected three random years from the 2000s because our intent was to characterize molt for the entire ten-year period rather than for a single three-year interval. For both periods, for each flight feather on one wing, we recorded the stage of molt (i.e., degree of completion of flight-feather growth, from not yet emerged after the old feather was dropped to new feather completely grown). For the 1960s, we assigned numerical values for each molt stage that reflected relative biomass of each flight feather; these were then summed for each bird to provide an overall score of flight-feather molt (Holmes 1966b) . For the 2000s, we scored molt according to Ginn and Melville (1983) but converted it to the scoring system used by Holmes (1966b) . We used the package "moult" in R (Erni et al. 2013) to analyze differences between the 1960s and 2000s at the population level in the timing and duration of molt. This package implements the numerical-analysis methods for molt progression described by Underhill and Zucchini (1988) and Underhill et al. (1990) , and it minimizes negative log-likelihoods by using the function "optim" to estimate the initiation date and duration of molt for each set of molt scores. We evaluated differences between the sexes in molt-initiation dates and duration for the 2000s (data not available for the 1960s) and by year within each period, and then between the 1960s and 2000s by comparing period-specific point estimates and assessing overlap of their 95% confidence intervals. We also assessed the goodness of fit of each model developed for molt progression by comparing the observed vs. expected proportion of individuals with a given molt score on several representative days across the duration of the molt period. This approach does not assess rates at which individual birds molted through time in a given year but rather evaluates the start and duration of molt of the population as a whole (i.e., individuals were not recaptured to evaluate the pace of molt).
results
Changes in nest density and probability oF breeding
We had data to evaluate changes in nest density through time for 10 species breeding regularly at Utqiaġvik between 1951 and 2012 ( Table 2 ). The densities of nests of the Red Phalarope, Western Sandpiper, Semipalmated Sandpiper, Long-billed Dowitcher, and Red-necked Phalarope increased through time, as evidenced by a year coefficient >1 and a credible interval that did not include 1. The Ruddy Turnstone and Baird's Sandpiper decreased in nest density through time, while the American Golden-Plover, Dunlin, and Pectoral Sandpiper showed no significant change in nest density over the 60-year period.
We evaluated changes in probability of breeding for four additional species breeding irregularly at Utqiaġvik over the 34 years of this study 
disCussion nest density and probability oF breeding
Our results indicate significant variation across species with respect to which hypothesis most accurately predicted their response to the changing environment at Utqiaġvik (Figure 4 ). Four Low Arctic species (the Western Sandpiper, Semipalmated Sandpiper, Long-billed Dowitcher, and Red-necked Phalarope) increased in nest density or probability of breeding, lending support to our H1 hypothesis that longer, warmer summers at Utqiaġvik have led to increasingly favorable conditions for nesting by species with a primarily Low Arctic distribution. No species matched the predictions of our H2 hypothesis that drier tundra with fewer and smaller ponds would lead to reduced nest density or probability of breeding for species preferring moist and wet tundra, or increases in these metrics for species preferring drier tundra. Last, three species that occur mostly in habitats dominated by lichen or grass (the Black-bellied Plover, Ruddy Turnstone, and Baird's Sandpiper) matched our predictions that shorebird species preferring tundra with a low proportion of shrub cover should be negatively affected by the increasing height and density of shrubs. Thus we found some support for the idea that shorebird species characteristic of the Low Arctic are expanding their ranges farther north as the climate warms (e.g., Parmesan 2006), and some support for the idea that the increase of shrubs is reducing habitat suitability for some species preferring tundra with low shrub cover.
The longer, warmer summer seasons at Utqiaġvik may now enable Low Arctic species, with more relaxed breeding schedules, to successfully breed, molt, and prepare for migration at Utqiaġvik, whereas in the 1960s the breeding season was too compressed to enable these species to complete these phases of the life cycle without significant temporal overlap. For species that have a primarily High Arctic distribution, it is unlikely that conditions at Utqiaġvik have become completely inhospitable for breeding, given that a warming climate is likely to remove constraints on nesting rather than place them anew. Thus longer, warmer summers at Utqiaġvik may be leading to an increase in species diversity over time, as Low Arctic and subarctic breeding species begin nesting in the area alongside historically common High Arctic species. This inference is also consistent with Henningsson and Alerstam (2005) , who found that a longer snow-or ice-free season and higher net primary productivity (which increases with longer summers) were the main factors positively influencing species richness of shorebirds in the circumpolar Arctic.
Our results suggest that drying of the landscape Summary of predicted vs. observed trends in nest density and probability of breeding of shorebirds at Utqiaġvik by reference to three hypotheses described in Methods. In this figure, species located on the diagonal (shaded cells) for H1 (warmer, longer summers) and H2 (drier tundra, fewer ponds) match the predictions made under each hypothesis; species above the diagonal increased more or decreased less than expected, whereas species below the diagonal decreased more than expected or increased less. H3 entailed an across-the-board prediction of a decline in all species due to the increase in shrubs, so for this column the species in the lowest cell (shaded) matched our prediction whereas all others did not. was not a primary factor driving changes in the abundance or diversity of the community of shorebirds breeding at Utqiaġvik. We did not observe declines in probability of breeding or nest density for any species that typically nests in moist or wet tundra, whereas three species that do often nest in dry habitat (the Black-bellied Plover, Ruddy Turnstone, and Baird's Sandpiper) have declined. Thus a drier landscape does not yet seem to be a limiting factor for shorebirds at Utqiaġvik, a region comprising a vast amount of wet or moist tundra. Other elements of landscape and vegetation change may be more important for determining the habitat's suitability for shorebirds in this area. Declines in the Black-bellied Plover, Ruddy Turnstone, and Baird's Sandpiper, which prefer tundra with an abundance of lichen and graminoid cover, were predicted if increased shrub cover had a negative effect on the suitability of the tundra for breeding shorebirds. At Utqiaġvik, however, we had predicted this to be the case for all shorebirds, which we did not observe, and we observed opposite patterns in probability of breeding for two species that do nest in dry habitat with some shrub cover: the Black-bellied Plover (declined) and Western Sandpiper (increased). This difference may be related to each species' tolerance for shrub presence at a certain level (e.g., percent cover or density), or for vegetation of a particular height. In a study of the predicted responses of tundra-nesting birds to encroaching shrubs on the Seward Peninsula, Alaska (approximately 850 km southwest of Utqiaġvik), Thompson et al. (2016) found that more species responded to increasing shrub height than to shrub density or percent cover, and that responses to changes in woody vegetation were likely to be nonlinear for many species: Western Sandpiper abundance was predicted to drop to near zero at a mean shrub height of ~25 cm, and abundances of the American GoldenPlover and Whimbrel (Numenius phaeopus) were predicted to reach near zero at mean shrub heights of ~35 cm. Similarly, species' tolerances for vegetation height at Utqiaġvik likely vary, such that the Black-bellied Plover, which occurs among dwarf (<15 cm) shrubs, may find as unsuitable habitat that includes shrubs growing above 15 cm, which appear to be increasing in prevalence across the Arctic (Elmendorf et al. 2012) . For shorebirds in particular, tolerances for shrubs may be related to where arthropod food sources are located in different habitats: in Alaska tundra, shrub-dominated tundra tends to have greater biomass of canopy-dwelling arthropods, whereas graminoid-dominated tundra has a greater biomass of ground-dwelling arthropods, which are easier for shorebirds to obtain (Rich et al. 2013 , Boelman et al. 2015 , McDermott 2017 .
One might ask why not all species appear to be responding the same way to a changing environment at Utqiaġvik; in other words, why was one hypothesis not favored over the others for all shorebird species? We believe it is likely that environmental change stemming from climate change has indeed been a determinant of shifts in the shorebird community breeding at Utqiaġvik over the last 60 years, but that the variation we observed in shorebirds' response is related to each species' unique preferences for breeding and foraging habitats, and the spatial configuration of these within or around a nesting territory. Speciesspecific responses to habitat change may also be related to the "settlement strategy" that each species adopts to aid in selecting locations suitable for nesting (Holmes 1966a , 1971 , Pitelka et al. 1974 . In an analysis that included data from two of the BBC plots surveyed for our study, Saalfeld and Lanctot (2015) found that adjusted annual nest densities tended to be positively correlated among species that followed the same settlement strategy (conservative or opportunistic), with few correlations between species following different strategies, suggesting a strategy-related response to local conditions. Further analysis of these patterns indicated that species that nested later and had an opportunistic settlement strategy were more likely to show adaptability to environmental change (Saalfeld and Lanctot 2017) . However, patterns of species assortment across the spectrum of settlement strategies from conservative to opportunistic found by Saalfeld and Lanctot (2015) did not correspond to patterns of nest density or probability of breeding for the same species in our study. In particular, the White-rumped Sandpiper, Buffbreasted Sandpiper, Red Phalarope, and Longbilled Dowitcher did not show any correlations with other species in terms of adjusted annual nest densities, indicating that these species may be responding uniquely to local environmental variables (Saalfeld and Lanctot 2015) . Perhaps most importantly, in the nonbreeding season all of Utqiaġvik's shorebirds migrate south to distant and varied locales, where climate change and other habitat factors may have an opportunity to influence overwinter survival, sex or age ratios, rates of return to Utqiaġvik, body condition, contaminant loads, or other measures that ultimately result in variation in nest density or probability of breeding through time (see Webster et al. 2002) .
CoMparison oF trends observed in other studies
Because of the differences in scale of the circumpolar Arctic tundra biome versus the footprint of most field studies of shorebirds' breeding ecology, it is interesting to compare our results with reported trends in species' abundance and distribution around the Arctic, rangewide or more locally (Table 4) . Among the species breeding at Utqiaġvik, those reported to be declining throughout their range include the Buff-breasted Sandpiper, Red Phalarope, Western Sandpiper, Dunlin, and Pectoral Sandpiper (Andres et al. 2012) . We found no evidence of declines in nest density or probability of breeding for any of these species at Utqiaġvik, and in fact for the Red Phalarope and Western Sandpiper noted a trend of nest density at Utqiaġvik increasing. The three species for which we did observe declines (the Black-bellied Plover, Ruddy Turnstone, and Baird's Sandpiper) are not on the list of declining species, although their long-term population trends are listed by Andres et al. (2012) as unknown. We found both the Semipalmated Plover and Semipalmated Sandpiper to be increasing nest density or probability of breeding, while Andres et al. (2012) reported the population rangewide as stable. They made it clear that for many shorebird species, numerous factors currently cloud our knowledge of their population sizes, so that detection of large-scale trends will be difficult or impossible until we have more years of survey data from sites of breeding, migration, and wintering.
We examined trends reported from four longterm studies of breeding shorebird populations across the Canadian Arctic (Table 4) . We see the greatest differences between our results and those of these other field studies for the American Golden-Plover, Red Phalarope, Semipalmated Sandpiper, and Red-necked Phalarope. For the American Golden-Plover, fall migration counts on the Atlantic coast showed a decline from 1974 to 2009, but trends were variable in other regions, and there was no significant trend regionally. It is possible that at some locations, this species' abundance is declining while at others its abundance is increasing, leading to Andres et al. (2012) reporting the trend rangewide as unknown. In several studies in the Canadian Arctic, the ratio of the American Golden-Plover to the Blackbellied Plover appeared to be increasing, possibly indicating competitive exclusion of the latter by the former (Pattie 1990, Lok and Vink 2012) . We found no evidence of this at Utqiaġvik. In the case of the Semipalmated Sandpiper, large declines since the 1970s have been documented in eastern Canada but not in the Alaska portion of its breeding range (Jehl 2007 , Andres et al. 2012 ). Therefore we should expect McCaffery unpubl. data) suggest that the species may be decreasing in the southern, warmer portion of its range in Alaska, while our data suggest it might be increasing in the northern part of its range. However, records from disparate portions of the High Arctic also suggest the species is declining there (Tracy et al. 2002) , and both the rangewide trend and trends reported by studies on the western side of the Canadian Arctic are negative. Of noted conservation concern is the sharp decrease from previous observations in the number of Red-necked Phalaropes staging im the Bay of Fundy in the 1990s (Morrison et al. 2006) . However, the migration routes and wintering areas of Red-necked Phalaropes breeding at Utqiaġvik are unknown. Like the Semipalmated Sandpiper, the Red-necked Phalarope may consist of several longitudinally segregated populations such that individuals staging in the Bay of Fundy may represent the population breeding in eastern Canada but not that of northern Alaska. Haig et al. (1997) found that nonbreeding Red-necked Phalaropes captured in Saskatchewan clustered more closely on a genetic basis with individuals from Prudhoe Bay, Alaska, than with individuals from Churchill, Manitoba, leading to the conclusion there is some degree of separation in migration. However, additional information is needed on whether this species is divided among multiple segregated populations, and if so whether they use different migration pathways, as Semipalmated Sandpipers do. These species span the continuum of habitat preference from dry to moist (Table 1) , so the differences between our study and others in observed trends are not likely to be related to the broad applicability of one or more of our hypotheses. Rather, differences between these sites and Utqiaġvik may be driven by local habitat conditions at the time data were being recorded, such as overgrazing by geese near Churchill, Manitoba, in the 1990s Lin 2001, Peterson et al. 2013) , or uncertainty stemming from potentially high levels of sampling error in population counts, poor understanding of migratory connectivity at the level of the subspecies, and difficulty repeating surveys systematically over many years.
One additional factor affecting shorebirds' nest densities at Utqiaġvik in the 2000s was an effort to remove Arctic foxes (Vulpes lagopus) that began in 2005 to protect nesting waterfowl (Stevens and Smith 2012) . Reduced fox numbers could have resulted in more shorebirds moving into the Utqiaġvik area or higher rates of nest survival and thus higher nest counts . Still other factors may have become more important in regulating nest survival. Such factors could have affected our comparisons of nest densities over time, although the density of the fox population also seems to have increased since the 1960s (RTH and RBL pers. obs.), so the removal effort may have kept the density of foxes more stable than it would have been otherwise. Saalfeld and Lanctot (2015) found no evidence of a relationship between efforts to remove foxes and the subsequent density of shorebird nests at Utqiaġvik, although their ability to detect a relationship was limited by sample size for the number of years with different levels of fox control.
tiMing oF Molt in the dunlin
We hypothesized that a longer and warmer summer season should favor further separation of breeding and molt in the Dunlin, as selection pressure to breed and molt simultaneously relaxes. We predicted this separation would take the form of either a later date of molt initiation or a longer duration of molt. Our results indicate that on a population level, adult Dunlin initiated molt in the 2000s at about the same time as in the 1960s, but took longer to replace their flight feathers in the more recent period. It is unknown if the duration of an individual's molt is now longer than in the 1960s because we only have one molt score per individual. However, the fact that we saw neither change in the population-level mean date of molt initiation nor in its variability between the two periods suggests that this aspect of molt has not changed significantly, and that in recent years individuals are indeed molting over a longer period. This extended period of molt during the 2000s in subspecies arcticola is temporally similar to what Holmes (1971) observed in subspecies pacifica in its subarctic breeding range in western Alaska in the 1970s. However, pacifica also initiated flightfeather molt later than did arcticola, after the majority of the incubation period was completed. Why would arcticola not similarly delay the initiation of molt to separate breeding and molt further as the summer at Utqiaġvik lengthens? We initially suspected that in today's longer summers, Dunlin now breed earlier, and this effectively provides a mechanism further separating breeding and molt and minimizing selection pressure to change the date of molt initiation. However, Dunlin have advanced egg laying by only 1.8 days since the U.S. Fish and Wildlife Service began collecting data at Utqiaġvik in 2003, whereas the phenology of snowmelt advanced 11.2 days over the same period (Saalfeld and Lanctot 2017) . Thus at Utqiaġvik Dunlin are not keeping pace with the advancement of spring phenology, and therefore are likely not experiencing reduced selection pressure to separate breeding and molt from that source. It may be that it is advantageous to slow the overall molt process down rather than delay the start of molt and be suddenly faced with inclement weather later in the summer (Hahn et al. 1992) .
Few studies have investigated the optimal speed of molt, but for the Red Knot (Calidris canutus islandica), the duration of primary molt in free-living migratory adults wintering in the Dutch Wadden Sea was 22% shorter than for nonmigratory second-year birds and 27% shorter than for captive adults molting in aviaries. Thus migratory adults of this subspecies were molting at a speed faster than optimal, likely because of the time constraint imposed by the need to fit breeding, migration, and molt into the relatively short period of the Arctic/north-temperate summer (Dietz et al. 2011 ). The Dunlin, unlike the Red Knot, molts prior to migration, but the same time constraints could preclude relaxation of the date molt is initiated because an extended duration of molt might necessitate that birds replace feathers quickly if inclement weather approaches early in the fall. An inverse relationship between the speed of molt and flight-feather quality is well established for many species of birds (e.g., Dawson et al. 2000 , Serra 2001 ). Thus having to accelerate molt quickly in years when inclement weather arrives early could be risky in terms of feather quality, even if longer summers on average could permit later initiation of molt.
iMpliCations and Future direCtions
We found signs of declining abundance of the Black-bellied Plover, Ruddy Turnstone, and Baird's Sandpiper at Utqiaġvik, and information from the Canadian Wildlife Service's Shorebird Committee (Gratto-Trevor et al. 2011 ) and the closest long-term study of breeding shorebirds (at Cambridge Bay, Nunavut; Lok and Vink 2012) corroborates these findings. For these three species, we suggest that additional effort be allocated to understanding local vs. global rates of change in their breeding populations, how population differentiation may influence our understanding of their vulnerability at the level of the species, and what options exist for proactive management or conservation action away from the breeding grounds. For example, Black-bellied Plover counts in the winter range in northern South America declined between the 1980s and 2010s, but counts at migration stopovers, primarily on the Atlantic coast of the United States, have been stable or increasing since the 1990s (Andres et al. 2012) . Whether this difference represents first a true population decline followed by a reversal of that decline, or simply a redistribution of birds wintering in northern South America, is unknown; nor is it known what proportion of these individuals migrate to northern Alaska to breed or whether this variable is changing with changing environmental conditions. Thus the decline in probability of the Black-bellied Plover breeding at Utqiaġvik could be related to a number of factors both on and away from the breeding grounds.
Our personal observations of the abundance of the Ruddy Turnstone, which uses discrete habitats away from our main study areas at Utqiaġvik (specifically, drier tundra near the coast and along beach ridges), substantiate the decline in nest density found in this study (RTH and RBL pers. obs.) . Additionally, the species appears to be less abundant in recent decades on the Yukon-Kuskokwim delta in western Alaska, >1000 km south of Utqiaġvik (B. J. McCaffery pers. comm.), and there has been a steady, long-term decline in migration counts on the Atlantic coast from the 1970s to the 2000s (Andres et al. 2012) . Data from Christmas Bird Counts along the California coast indicated a 43% decline in the abundance of Ruddy Turnstones between 1990 and 2003, although the species had apparently experienced a population increase in the same area from 1976 to 1989, so the average counts across the period 1990-2003 were not significantly different from average counts across the period 1962 -1975 (Pandolfino and Helmericks 2005 . At present, the Canadian breeding populations of the Ruddy Turnstone are listed as of "high conservation concern" because of population declines, while the Alaska breeding populations are listed as being of "moderate conservation concern" because of vulnerability to climate change (U.S. Shorebird Conservation Plan Partnership 2016), but little information exists on population trends specific to the Alaska breeding population (Andres et al. 2012) .
The report "Shorebirds of Conservation Concern in the U.S." (U.S. Shorebird Conservation Plan Partnership 2016) listed Baird's Sandpiper No. 3 as a species of "least concern," but its population trends, short or long term, are reported as unknown, and no information on population differentiation exists (Andres et al. 2012 ). Baird's Sandpiper prefers dry tundra with lowgrowing, relatively sparse vegetation (Moskoff and Montgomerie 2002) , so the increase of shrubs could decrease the suitability of the Utqiaġvik area for this species. The breeding range of Baird's Sandpiper extends to the northern tip of Ellesmere Island; assuming that the preferred sparsely vegetated habitat remains available at higher latitudes in the Arctic, there is space for the species to breed in the Canadian Arctic if the Alaskan Arctic becomes unsuitable. However, it is not known whether this option is available to the population currently breeding at Utqiaġvik or if current population structure means that a different segment of the population breeds in the Canadian Arctic.
Long-term studies at sites such as Utqiaġvik help document changes in the sizes and characteristics of shorebird populations over time, and enable development of hypotheses linking local and regional drivers and population-level responses. For example, our finding that Dunlin now molt over a longer period than in the past suggests that individuals have the inherent phenotypic flexibility to adjust the length of phases of their life cycle when it is advantageous, or that the species is adapting through microevolution to local changes in its environment. Dunlin did show significant phenotypic flexibility in nest-initiation dates over 14 years of study at Utqiaġvik, as dates of egg laying varied by 21-27 days across this period (Saalfeld and Lanctot 2017) . However, surprisingly little information is available on an individual bird's flexibility in molt, or the mechanisms controlling it, although hormonal changes acting in response to specific environmental cues are strongly suspected (Hahn et al. 1992 , Wingfield 2005 . Future research at Utqiaġvik could test specific hypotheses regarding which environmental cues are most important in controlling molt, how flexibility in molt regulation is achieved, and whether there are limits to the amount of flexibility available to a shorebird species breeding in a changing environment.
As in our study, the observational design, variability in methods through time, and limited areal extent of most retrospective studies mean that their results should be combined with surveys at a wider geographic scale (Bart and Johnston 2012) and with demographic analyses, both in the Arctic (Weiser et al. 2018a, b) and at other stages of the annual cycle (Robinson et al. 2005) , to clarify population trends and the mechanisms causing change. We strongly recommend continued monitoring of population trends for shorebird species breeding across the Arctic to determine if the trends detected in this study and other field studies reflect real population-level changes rather than more localized fluctuations in abundance. Specifically, we encourage continued implementation of surveys in the Arctic as part of the Program for Regional and International Shorebird Monitoring (PRISM, Bart and Johnston 2012) . Repeating surveys in the Arctic, a key component of PRISM, is particularly important for detecting trends at a broad scale, and is essential for monitoring the Red and Red-necked Phalaropes, which are pelagic during the nonbreeding season and thus are not monitored during any other time of the year. Even for species whose nest density or probability of breeding at Utqiaġvik is currently increasing, it remains to be seen whether these species will continue to breed more frequently and at higher densities, or if at some point conditions will become less suitable for species of even the Low Arctic.
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